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The Galactic gamma-ray diffuse emission is produced by the interaction of cosmic rays with
ambient gas and electromagnetic radiation fields in the interstellar medium (ISM). Studying this
radiation helps reconstruct the particle transport mechanisms and the particle distribution in the
Galaxy. In this work, we analyze the TeV diffuse emission in a chosen region of the Galactic plane
using data collected with the High Altitude Water Cherenkov (HAWC) detector. The energy and
spatial distributions of the diffuseGalactic gamma-ray radiation have been studied after subtracting
extended and point sources detected with greater than 5 sigma significance from the region map.
The spectral feature of the aforementioned emission is compatible with the gamma-ray emissivity
obtained from the locally measured proton and heavier nuclei spectrum, convolved with the gas
distribution in the Galaxy.
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1. Introduction

The Galactic gamma-ray diffuse emission is the radiation produced by the highly energetic
hadrons and electrons, known as cosmic rays (CRs), when these particles interact with the interstellar
medium (ISM) gas and radiation field (ISRF). CR hadrons collide with the ambient gas atoms and
molecules and produce gamma-rays through neutral pion (c0) decay. CR electrons emit gammas via
inverse Compton (IC) scattering off the cosmic microwave background (CMB) and ISRF photons.
The Galactic gamma-ray emission is a proxy of the parental CR population.

Due to their charged nature, after escaping their acceleration sources the particles diffuse in the
Galactic electromagnetic fields. Cosmic rays, which have left long ago their acceleration sources
and have already undergone a spectral softening due to diffusion, are known collectively as CR sea
or background cosmic rays. Background CRs produce the diffuse emission.

Until recently, the CR energy spectrum measured close to Earth followed a simple-power law
(SPL) below 1 PeV, with a spectral index between -2.7 and -2.8. Recently, PAMELA, AMS, and
CREAM [5, 18] detected a hardening in the spectra of CR proton, helium, and other primary
nuclear species. The spectra at about 300 GeV/n (GeV per nucleon) has a spectral index close to
-2.6 [15]. The origin of the hardening is not clear. It is also not clear whether the hardening is
a local effect ([16]), and whether it continues beyond several TeV in energy. More generally, it is
not clear whether the spectrum of the CR sea is the same everywhere in the Galaxy or it hardens
towards the inner Galaxy [12, 13].

The contribution of source emission to the TeV radiation is presently another highly debated
topic. While the GeV radiation from the Galactic Plane is predominantly due to the interaction
of background CRs, the Galactic Plane radiation at TeV energies is expected to be dominated by
source emissions. Thus at TeV energies the diffuse emission from background CRs should be faint
and difficult to detect [10]. However, recent measurements by Tibet Array [6] point to a significant
genuine diffuse component to the Galactic Plane radiation at hundred TeVs. Studying the GDE
helps to reconstruct the distribution of background CRs in the Galaxy and solve the open questions
concerning the spectrum of the CR sea.

The High Altitude Water Cherenkov Gamma-Ray Observatory1, located on the Sierra Negra
volcano near Puebla, Mexico, at an altitude of 4,100 meters, is an extensive air shower array
designed to observe gamma rays and CRs between 300 GeV to above 100 TeV [1].

We here present theGDEmeasurements byHAWC from a region of theGalactic Plane extended
over ; ∈ [43◦, 73◦] in longitude and 1 ∈ [−5◦, 5◦] in latitude. This is referred to as the region of
interest (ROI). Finally, we discuss briefly our observational results.

2. Analysis

2.1 Data-set, Event and Background Maps

The data set used for GDE analysis presented in this study has been collected over 1,347 days
by HAWC detector from 2013 to 2019. In HAWC the events are divided into nine bins, related to
the size of the event on the HAWC array, the size of the event being a proxy of the energy of the
event. By considering all bins, we include gamma-rays with energies from 300 GeV to 100 TeV [1].

1https://www.hawc-observatory.org/
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On one hand the emission from gamma-ray sources is mostly located on the Galactic Plane.
On the other hand the emission produced by diffusing background CRs (the GDE) is expected to
extend beyond 1-2 degrees below and above the Galactic Plane. Since the goal of our analysis is
the study of the GDE, we choose a ROI with latitudinal range 1 ∈ [−5◦, 5◦], which encompasses
extended regions outside the Galactic Plane.

The HAWC data analysis is based on the generation of maps of the events and background.
The background is estimated with a method known as "direct integration" [8]. The event maps are
histograms of the reconstructed events (Data = signal + background) that pass gamma/hadron cuts
[2]. The maps used in this analysis are generated using HEALPix pixelization [14] with Nside =
1024.

2.2 Analysis of the GDE

The total flux measured by HAWC from the Galactic Plane is the sum of source emission,
including point-like and extended sources, and diffuse radiation:

�tot = �sources + �GDE (1)

The significance map2 of the total radiation measured by HAWC is shown3 in Figure 1 (hereafter
called "original map").

Figure 1: Significance map of the total gamma-ray radiation within the ROI.

The first step of the GDE analysis takes the total gamma-ray radiation measured by HAWC
and separates the emission due to the sources from the emission due to the GDE by subtracting
the source emission from the original map in Figure 1. In order to obtain the source emission map
we fit the total HAWC radiation to a model including GDE and gamma-ray sources. The model
includes 21 extended or point-like sources resolved with HAWC (Figure 2 top), and a morphological
template of the GDE. The spectral parameters of the point-like and extended sources are assumed
to be SPL. Extended sources in the model have a Gaussian morphology with variable size. The
normalized 2-D template carrying the morphology of the GDE is obtained with the DRAGON code

2A significance map is a 2-D visualization of the significance value per pixel, where significance =
√
)(.

3All significance maps are created assuming an SPL with a spectral index of -2.7.
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([12, 13]). The spectral parameters of all sources and of the GDE and the size of the extended
sources are free to be fitted with HAWC data in a multi-source fitting (fitting all the sources and
GDE together) procedure.

The best fit of the GDE and all sources is computed with a likelihood method4. Test statistics
(TS), residual maps, and significance histograms are considered to choose the preferred models.

The obtained source-subtracted map is shown in (Figure 3). The final step of the analysis
consists in obtaining the spectral parameters of the GDE emission from this source-subtracted map
or GDE map.

Figure 2: Top: the significance map for the model of all sources (point-like and extended source). Bottom:
significance map of the fitted model for all sources and GDE.

3. Results

The results of the measurements of the GDE distribution with HAWC data are reported in
Table 1. The contribution of the GDE flux to the total emission is calculated in 2 energy ranges;
between 300 GeV and 10 TeV, and between 300 GeV and 100 TeV, that are shown as f10 and
f100 respectively [(�GDE) / (�tot)]. The contribution of the diffuse emission to the total gamma-ray
radiation from the Galactic Plane varies between 71.8% and 76.1% in different sub-regions (see
Table 1) [7]. Assuming that the spectrum of the diffuse emission is described as in energy, its
spectral index is −2.61 ± 0.03 (see table 1).

4The Multi-Mission Maximum Likelihood (3ML) framework [17] is used for the likelihood analysis.
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Figure 3: The significance map of the GDE map produced by subtracting the model of the sources from the
original map.

;<8= ;<0G >|1 | Normalization Normalization
Error

Index Index Er-
ror

f10 f100

(◦) (◦) (◦) (7.0 TeV) (7.0 TeV) % %
43 73 2 8.89 0.37−0.70

+0.48 -2.612 0.030−0.036
+0.015 72.7 71.8

43 73 4 5.45 0.25−0.44
+0.38 -2.604 0.034−0.037

+0.012 76.1 75.3

Table 1: Spectrum of the GDE within the ROI for |1 |<2◦ and |1 |<4◦. f10 and f100 are the fraction of the
GDE flux with respect to the total HAWC flux, up to 10 TeV and 100 TeV respectively. Normalization:
( 10−12 × TeV s−1cm−2sr−1). The first error shows the statistical, and the second presents the systematic
uncertainty.

4. Discussion and conclusions

We presented the spatial and spectral parameters of the GDE measured by HAWC within a
region of the Galactic Plane extended over (; ∈ [43◦, 73◦] and 1 ∈ [−5◦, 5◦]) for energies above
300 GeV and up to 100 TeV. The spectrum of the diffuse emission can be described as a power law
with spectral index, −2.61 ± 0.03 (see table 1). From the gamma-ray spectrum we can deduce the
parental CR spectrum in the analysed region. Our analysis shows that the CR spectral index is on
average compatible with the spectral index of the locally measured CR spectrum. Also, the CR
spectral hardening at rigidity around 300 GeV measured by PAMELA and AMS [4] seems not to
be a local effect but rather a large-scale feature. Finally, the dominant contribution to the radiation
at multi TeV from the Galaxy seems to be diffuse emission, in agreement with recent results by the
Tibet Array observatory [7]. Due to the uncertain contribution to the measured emission coming
from unresolved sources, the results presented here are a maximum limit for the GDE.

The diffuse emission at TeV energies will be studied with better sensitivity and energy/angular
resolution by current and upcoming TeV observatories such as the LHAASO [9], the SWGO
Observatory [3], and the Cherenkov Telescope Array [11].
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